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Summary 

An investigation was conducted to examine the nature 
of fracture of a brittle ceramic material and the 
formation of spherical debris in wear. Indenting 
experiments were conducted with the silicon carbide 
{0001 ) surface in contact with a spherical diamond 
indenter in air at room temperature. Sliding friction 
experiments were also conducted with the single-crystal 
silicon carbide (0001) surface sliding in the <1010> 
direction in contact with iron and iron-based binary 
alloys in a vacuum of 30 nPa at room temperature and at 
800° C. 

The results of the investigation indicate that fracture 
pits and the formation of a spherical particle and 
spherical wear debris result from indenting and sliding. 
Spherical debris may be produced by a mechanism that 
involves the formation of a spherical-shaped fracture 
along the circular or spherical stress trajectories under the 
inelastic deformation zone. 


Introduction 

Recently, there have been a number of reports in the 
literature dealing with the occurrence of spherical debris 
particles (refs. 1 to 11). It has been established that the 
formation of spherical debris is a characteristic feature of 
rolling-contact fatigue (refs. 1 and 2). Further, spherical 
debris has also been observed in the lubricant of a jet 
engine just prior to fatigue failure of the main rolling 
bearing (ref. 3). The number of spherical particles in used 
engine oil is found to increase as ball bearing fatigue 
progresses (ref. 4). It has been suggested that the number 
of spheres present in an oil sample can be potentially 
useful as a diagnostic tool for anticipating the surface 
fatigue failure of a high-speed ball bearing (refs. 5 and 6). 

Sphericeil debris were also generated in a cavitation 
erosion apparatus (ref. 7), in grinding (ref. 8), in fretting 
corrosion studies (refs. 9 and 10), and in simple sliding 
friction experiments under adhesive conditions (ref. 11). 
Doroff et al. (ref. 7) have observed spherical debris 
particles when aluminum and steel were tested in the 
ASTM standard vibratory cavitation erosion apparatus. 
They suggested that these tests support the cavitation 
theory of spherical particle generation during rolling- 
contact-fatigue crack formation. Komanduri and Shaw 
(ref. 8) found that a mechanism for spherical metal 
particles produced during grinding is based on surface 
energy. Stowers and Robinowicz (ref. 9) revealed that 
debris particles appear to be deformed by the sliding 
process and to take on spherical and cylindrical shapes. 

Hurricks (ref. 10) has presented spherical debris as a 
characteristic feature of the fretting wear process. Such 
debris is mainly found in regions of high adhesion. 


In all the foregoing studies, spherical metal debris were 
observed in solid-solid interactions, but no attention had 
been paid to spherical nonmetal debris. The present 
authors were probably the first to observe spherical 
nonmetal debris particles when conducting a simple 
sliding friction experiment with a nonmetal such as 
silicon carbide in contact with a metal (ref. 11). Although 
the formation mechanism is not clearly understood, it 
may not be associated with fatigue. The mechanism may 
be based on the fracture mechanism of nonmetals. It is of 
interest to develop an understanding of the mechanism of 
spherical debris generation and fracture behavior of a 
brittle nonmetal in contact with a solid because of the 
increasing use of nonmetals in tribological applications. 

Because ceramic bearings have the potential for 
operating reliably at high temperatures with minimal oil 
lubrication, these bearings offer many advantages over 
metal bearings in gas turbine engine applications. It is 
therefore important to know the deformation and 
fracture mechanisms of nonmetals in tribological 
systems. 

This report examines as its objective the nature of 
spherical debris generation and the fracture behavior of 
brittle nonmetals. Indentation experiments were 
conducted with the single-crystal silicon carbide { 0001 ) 
surface in contact with spherical diamond indenters in air 
at atmospheric pressure. Sliding friction experiments 
were conducted with the silicon carbide {0001 ) surface 
sliding in the <1010) direction in contact with various 
iron-based binary alloys and iron. All friction 
experiments were conducted with a load of 0.2 N, at a 
sliding velocity of 3 mm/min for a total sliding distance 
of 2.5 mm with single-pass sliding, in a vacuum of 30 nPa 
at room temperature and at 800° C. 


Materials 

The single-crystal silicon carbide used in these 
experiments was a 99.9-percent-pure compound of silicon 
and carbon and had a hexagonal, closed-packed crystal 
structure. The composition of single-crystal silicon 
carbide is presented in table I. The Knoop hardness was 
2830 in the <1010> direction and 2670 in the <1120> 
direction on the basal plane of the silicon carbide 

TABLE I. - COMPOSITION OF SINGLE-CRYSTAL 
SILICON CARBIDE 


Silicon, percent 66.6 

Carbon, percent 33.3 

Oxygen, ppm <500 

Boron, ppm < 100 

Phosphorus, ppm <200 

Others, ppm <0.1 




(ref. 12). The method of growth of the silicon carbide was 
by carbon arc. The {0001 } plane was nearly parallel to 
the sliding surfaces examined herein. X-ray back- 
reflection Laue photographs were taken to establish the 
exact bulk orientation of the crystal after it had been 
polished with a diamond powder (3 /xm diam) and then 
with aluminum oxide (AI2O3) powder (1 lira diam). 

Specimens were within ±2° of the low-index (0(X)1 j 
plane. The silicon carbide samples were in the form 
of flat platelets and had a mean surface area of about 
70 mm or more. The roughness of the mirror-polished 
silicon carbide surfaces measured by surface profilometer 
was 0.1 fim for the maximum height of irregularities. 

The iron-based binary alloys used in this investigation 
were prepared by arcmelting the high-purity iron and 
high-purity alloying element (Ti) (ref. 13). The solute 
concentration was 1.02 at.% for titanium, which forms a 
continuous series of solid solutions with iron. 

The iron was polycrystalline and 99.99 percent pure. 
The method of preparation was by electron beam zone 
refining. 

The radius of the iron and binary alloy pin specimens 
was 0.79 mm. Pin specimens were mirror polished with a 
diamond powder (3 iim diam) and then an AI2O3 powder 
(1 lira diam). 

The diamonds used in the indentation experiments 
were natural and spherical in shape. Three radii of 
curvature of the spherical diamond indenters were used: 
0.008, 0.02, and 0.1 mm. The indenters were polished 
with AI2O3 before each indentation experiment. 


Apparatus 

Two apparatuses were used in this investigation. One 
was a vacuum system capable of measuring adhesion, 
load, and friction. The apparatus also contained tools for 
surface analysis such as X-ray photoelectron 
spectroscopy and Auger electron spectroscopy. The 
mechanism used for measuring adhesion, load, and 
friction is shown schematically in figure 1(a) and is 
described in references 13 and 14. 

The second apparatus was a microhardness (Vickers) 
tester (fig. 1(b)). A diamond indenter was attached to one 
end of a rod of a precision balance. The load was applied 
by placing deadweights on a pan on top of this end of the 
rod. 


Experimental Procedure 

Specimen Preparation 

The disk flats, pin specimens, and diamond indenters 
were polished with 3-/xm-diameter diamond powder and 



/“Clamping screw 



Figure 1. - Apparatuses for Indentation and sliding friction experiments. 

then l-/xm-diameter AI2O3 powder. All the pin and disk 
surfaces were rinsed with 2(K)-proof ethyl alcohol. 

Friction Experiments 

The experimental procedures used are described in 
detail in references 13 and 14. 

Indentation Experiments 

The indentation experiments were conducted on silicon 
carbide [(XX)1} surfaces with a spherical diamond 
indenter. All indentation experiments were conducted at 
room temperature. The contact time was 20 sec. 


Results and Discussion 

Microfracture in Indentation Contact 

Indenting with a spherical diamond indenter on a 
silicon carbide {0(X)1 } surface results in the formation of 
circular cracks as well as in plastic deformation. Figure 2 
presents scanning electron micrographs of the permanent 
indentation remaining and circular cracks surrounding 
the impression generated by 0.1-, 0.02-, and 0.008-mm- 
radius, spherical diamond indenters. It becomes obvious 
from an examination of figure 2 that a degree of plastic 
deformation and nearly perfect circular cracking 
occurred in the silicon carbide. 

It is very interesting that, in the figures, the influence 
of crystallinity on the geometry of the cracks is not 
imposed on the solid. In other words, for anisotropic 
solids such as a single crystal, we expected an orientation 
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la) Indentation generated by 0. 1-mm-radius spherical indenter. Load, ION. 
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(b) Indentation generated by 0.02-mm-radius spherical indenter. Load, 5 N. 

Figure 2. - Indentation and cracks on silicon carbide (0001) surface generated by spherical indenter. 
Scanning electron micrographs. 




(c) Indentation generated by 0.008-mm-radius spherical indenter. Load, 2 N. 
Figure 2. - Concluded. 


dependence on the circular cracks produced in crystals 
with strong cleavage tendencies. Figure 2(a), however, 
reveals nearly circular cracks that were not crystallo- 
graphically oriented. 

Figures 2(b) and (c) also reveal cracks propagating and 
expanding radially from the center of the contact circle. 
These cracks prefer to form on the planes of easy 
cleavage in the silicon carbide. These photomicrographs 
clearly show several slip lines, caused by plastic 
deformation, in the indentations. The slip lines jre 
crystallographically oriented and are in the <1120) 
directions. Thus the indenting experiments generally 
revealed (1) a plastically deformed indentation, (2) 
circular cracks produced around the indentation without 
cleavage tendencies of a given crystal, and (3) radial 
cracks with strong cleavage tendencies for the given 
crystals. 

Figure 3(a) is a scanning electron micrograph of an 
indentation on the single-crystal silicon carbide surface 
accompanied by an exceptionally large fracture pit. The 
deformation and fracture made by the spherical indenter 
are also schematically shown in figure 3(b). The indenting 
experiment was conducted with a 0.(X)8-mm-radius 
spherical diamond indenter. There was a discharge of 
fragments that were displaced from the surface of the 
silicon carbide. The fracture pit is like a volcanic crater. 
The crater forms a wide basin with steeply sloping sides. 
The fracture pit (crater) contains a plastically deformed 


indentation in the center of the crater with small fracture 
pits. The crater is much larger than the indentation. 

The partially spherical surface debris in the crater and 
on the sides of the basin are till produced by the indenting 
and unloading actions of the diamond spherical indenter. 
There are many fracture steps on the surfaces of the 
spherical hillsides and on the sides of the basin. These 
steps are due to sequential rupture of cohesive bonds 
along easy fracture planes such as the crystallographically 
oriented cleavage and quasi-cleavage planes. There are 
also many crystallographically oriented radial cracks on 
the partially spherical fracture surface. The radial cracks 
are the same as those shown in figures 2(b) and (c). 

Figure 4 presents high-magnification photographs of 
the fracture pit shown in figure 3. They clearly show 
several fracture steps on the surfaces of the sphere and on 
the sides of the basin, as well as some radial cracks. 

Figure 5 presents scanning electron micrographs of 
indentation on a single-crystal magnesium oxide {(X)l ) 
surface (99.99 percent pure) accompanied by nearly 
circular cracks and crystallographically oriented radial 
cracks (personal communication from Hiroyuki Ishigaki 
of Lewis). These results are consistent with those 
previously mentioned for silicon carbide. Note that the 
indenting experiments were conducted with the 
magnesium oxide in contact with a 0.02-mm-radius 
diamond indenter and by using the same apparatus 
shown in figure 1(b). 
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ia) Scanning electron micrograph. 


Fracture pit 
(crater) 



Figures. - Indentation and fracture pit with a spherical particle. 
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(b) In mineral oil with sulfur additive. 

Figures. - Indentation and crack on single-crystal magnesium oxide fOOll surface generated by 
0.02-mm- radius sphericai diamond indenter. MgO crystais cleaved in airand in mineral oil 
with suifur additive. Indentations made on surface in air or immersed in the oil. Load, 0.25N; 
room temperature. 
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Figure 6. -Wear track with fracture pits on silii 
800° C; vacuum, 30 nPa. 


carbide lOOOli surface as a resuit of single-pass sliding of iron rider. Sliding velocity, 3 mm/min; load, 0. 2 N; temperature, 









Figure 7. -Fracture pits with spherical particie as a resuit of single-pass sliding of iron rider. Sliding velocity, Sirnn/min; load, a2N; temperature, 800® C; vacuum, 30nPa. 









Figure;. - Continued. 




Figure 7. - Concluded. 







(al Spherical wear particle and groove. 



(b) Silicon, KaX-ray map of 1.02at%Ti-Fealloy rider; 1x10^ counts. 


Figures. - Spherical wear particle on alloy as a result of 10 passes of rider in vacuum (30 nPa). 
Scanning electron micrograph and X-ray dispersive analysis of wear scar on alloy rider. 
Sliding velocity, 3mm/min; load, 0. 2N; room temperature. 
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(a) Spherical wear particle. 
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Figure 9. - Spherical and partially spherical wear particle as results of 10 passes of 1.02 at. % Ti-Fe 
alloy riders in vacuum (30 nPa). Scanning electron micrographsof wear tracks on disk. Sliding 
velocity, 3mm/min; load, 0. 2N; room temperature. 


14 



(c) Partially spherical and partially multiangularwear particle. 



(d) Partially rounded and partially multiangularwear particle. 
Figure 9. - Concluded. 





(a) Brittle, fractured wear particle with sharp edges. 



(b) Brittle, fractured wear particle. 

Figure 10. - Brittle, fractured wear particles as a result of 10 passes of L 02 at Ti-Fe alloy rider in 
vacuum (30 nPa). Scanning electron micrographs of wear track on disk. Sliding velocity, 3 mm/min; 
load, 0. 2 N ; room temperatu re. 
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spherical Debris in Sliding Contact 

The present authors have investigated fracture and the 
formation of wear debris for ceramic materials in sliding 
contact with either a metal or a nonmetal (refs. 11, 12, 
15, and 16). Fracture and the formation of wear debris 
were generally geometrically characterized by 
crystallographic orientation. Multiangular wear particles 
were produced by primary and secondary cracking of 
cleavage planes in sliding contacts. However, more 
detailed examination of the wear track on the silicon 
carbide in sliding contact with a metal revealed, in 
addition, evidence for the formation of spherical wear 
debris particles of silicon carbide. 

Sliding friction experiments were conducted with the 
single-crystal silicon carbide {0001 ) surface in contact 
with iron or iron-based binary alloys at a temperature to 
800° C in a vacuum of 30 nPa. The sliding of iron on a 
silicon carbide surface at 800° C resulted in the formation 
of cracks and fracture pits in the silicon carbide surface. 
The wear due to fracture occurred very locally and in very 
small areas in the sliding contact region. 

Figure 6 presents a scanning electron micrograph of the 
wear track on the silicon carbide surface, where the wear 
track was generated by a single-pass sliding of the iron 
rider. The wear track contained microfracture pits and 
silicon carbide debris as well as iron transfer films. Two 
kinds of fracture pits were generally clearly observed in 
wear tracks; (1) pits with spherical debris and (2) pits with 
multiangular wear debris that have crystallographically 
oriented sharp edges and are nearly of a hexagonal 
platelet shape. (Multiangular wear debri^are generated 
by surface cracking along (1010) or (1120) planes and 


subsurface cracking along (0001) planes, which are 
parallel to the sliding interface.) 

Figure 7 presents scanning electron micrographs of 
various fracture pits with spherical debris in the very local 
area of the wear tracks. These results revealed that a 
nearly spherical debris particle can exist in the fracture 
pit. In other words, a spherical fracture occurs in even 
single-crystal silicon carbide under the sliding surface 
with sliding friction contact. 

Figure 8 is a scaiming electron micrograph and an 
X-ray dispersive analysis map of a nearly spherical wear 
debris particle and a groove produced in a plastic manner 
by the plowing action of the debris particle. This 
dislodged spherical wear debris particle was observed 
near the wear scar of an iron-base binary alloy rider after 
10 sliding passes on the silicon carbide surface. 

Figure 9 presents a spherical wear debris particle 
observed on the silicon carbide surface after sliding 
contact with the binary alloy rider. The nearly spherical 
particle is very similar to the particle observed on the 
wear scar shown in figure 8. 

Figure 10 presents brittle, fractured wear debris 
observed near the wear tracks of the silicon carbide 
surface in contact with an iron-based binary alloy. The 
wear particles contained both sharp edges and round 
portions. The formation of sharp edges may be related to 
cleavage cracking in the formation of the wear debris. 
The round portion would indicate that the particles had 
been nearly or partially spherical before fracturing. These 
figures also indicate that the wear debris is characterized 
by being hollow, with the outer and inner circles of the 
particles appearing to be concentric. 



Figure 11. - Schematic of a spherical crack formation under plasticaily deformed zone. 
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Generation Mechanism of Spherical Debris 

The present authors suggested the possible mechanism 
for generating a spherical wear debris particle (ref. 11). 
Briefly, the mechanism has two aspects: (1) a stress 
concentration, and (2) a circular or spherical fracture. 

When two solid surfaces are in contact, stress con- 
centration at the contact area may produce a small zone 
of inelastic deformation in the solid. Cracks will 
subsequently be initiated in the solid. The cracks develop 
stable growth in a subsurface region and on the surface 
around the inelastic deformation zone during the loading 
and unloading processes. 

The cracks also grow easily by application of shearing 
force during sliding. The cracks, which are generally 
circular, spherical, and radial, are schematically shown in 
figure 11 with a model. 

The spherical cracks may be developed along circular 
stress trajectories (ref. 17). Although crystallinity, 
however, is imposed on the crack geometries of 
anisotropic materials such as silicon ctu-bide, it is possible 
that the cracks may grow and pile up in atomistic terms 
by the sequential rupture of cohesive bonds along the 
circular or spherical stress trajectories shown in figure 1 1 . 

Conclusions 

As a result of indenting and sliding friction 
experiments conducted in this investigation with single- 
crystal silicon carbide in contact with spherical diamond 
indenters in air or with metal riders in vacuum, the 
following conclusions were drawn: 

1 . Fracture pits with a spherical particle and spherical 
wear debris result from indenting and sliding. 

2. Spherical debris may be produced by the following 
mechanism: A spherical-shaped fracture occurs along the 
circular or spherical stress trajectories under the inelastic 
deformation zone. 

Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio, March 18, 1982 
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